(2) Introduction Dukler and Hubbard ( 1975) published the first realistic mechanistic model for slug flow characteristics. From a mass balance over the film region and the slug, they established fundamental equations describing slug velocity. Nicholson et al. (1978) found that Eq. (1) was not adequate for prediction of the slug translational velocity, VI' They defined a drift velocity, Vd, to model their results. Kouba ( 1986) concluded that the drift velocity, Vd, was significant for horizontal slug flow. Utilizing the theory of shearing flow over a wavy boundary developed by Benjamin (1968) , and following Bendiksen (1984) , he developed a complicated expression for the drift velocity as a function . of pipe diameter. The slug translational velocity is then given The expression for the slug velocity, Vs> in Eq. (1) is found by summing the superficial liquid and gas velocity. The slug velocity, Vs> is also referred to as the mixture velocity, V m • Kouba ( 1986) also derived a generalized expression for the liquid film velocity ahead of the slug. By considering a mass balance between the slug and the liquid film, he was able to formulate a generalized expression for liquid film velocity ahead of the slug as follows:
Equation (2) is the most generalized equation for the film velocity. It assumes stratified and completely segregated flow conditions between slugs and relates the film velocity to the velocity in the slug. At high slug velocities, the film between slugs is subject to large three-dimensional roll waves, which contribute to the liquid flow rate. With increasing slug frequency, video recordings reveal that the effect of these roll waves on the liquid film increases. In such situations, the contribution of both slugs and the film to the liquid flow rate becomes impOltant and a liquid film velocity that is dependent on the slug frequency mustbe developed. Jepson (1989) 
In their model, Taitel and Dukler (1976) assumed that the inter" face between gas and liquid was always smooth. The assumption of a smooth interface between gas and liquid is valid only at very low velocities, and this is not applicable to the slug flow regime. Andritsos and Hanratty (1987) using experimental data from 2.52 and 9.53-cm i.d. pipes, and liquid viscosities ranging. from 1 to 70 cP, proposed a relationship between fi and k.
With this modification the model can adequately predict film heights in stratified flow. For the work reported in this paper, flow visualization techniques were' developed to conduct a detailed analysis of the local characteristics within the slugs. The flow was recorded on video and the images digitized on a computer. Digital image processing techniques to obtain data on slug translational velocity, liquid film height, and the length of the mixing region of the slug. Equations were then developed to predict the foregoing variables and the Froude number in the liquid film ahead of the slug. It is shown that the film Froude number strongly affects the slug flow characteristics.
.
Results
Slug Translational Velocity. Figure 2 shows the variation of the average ratio of VI to Vs for both water arid ARCO-PAK90 ™ -carbon dioxide slug systems. These, as shown before, agree with those of Kouba (1986) . A model for slug translational velocity, similar to that of Kouba ( 1986) , is included in Fig. 2 . The model uses Eq. (I ) to predict the slug translational velocity.
Liquid Film Height. The film height is predicted by the ,model given by using Eq. (3), as per Taitel and Dukler. However, the presence of large-amplitude roll waves between slugs must be accounted for. Increasing slug frequency increases the •..~-....,.......,-.;.- contributions of the roll waves to the film height. It becomes necessary to increase the ratio of the interfacial friction factor, j;, to the gas phase friction factor, fe, to higher values than those estimated by Andritsos and Hanratty (1987) . Various ratios of j; / fe were used to predict the liquid film height in slug flow and it was found that values of this ratio greater than 50 Nomenclature did not alter the film height results. Hence, this value is used in this model. In this study, the interfacial friction factor is estimated as a constant times the gas phase friction factor (4)
where kl = 50.
Liquid Film Velocity.
The liquid film velocity between slugs is not constant for slugs moving in a typical flowline. This is due to the drainage of liquid from the rear of the slug mixing with new incoming liquid. This rebuilds the liquid film to an equilibrium height on which the next slug can propagate. Further, at high gas velocities, waves are formed on the liquid film that affect the film velocity. Approximations are usually made to determine the liquid film velocity.
One model that can be used to predict the film velocity is the stratified model of Taitel and Dukler (1976) . In slug flow, the total liquid flow rate is distributed between slugs and stratified liquid films between slugs. The stratified flow model neglects the contribution of the slugs to the total liquid flow rate and can overpredict the liquid film velocity. On the other hand, when the liquid flow rate is negligible compared with the gas flow rate, the slug characteristics are controlled by the gas, and the contribution from the liquid film velocity may be neglected. Using the generalized model of Kouba (1986), described by Eq. (2), we would expect a value somewhere in between the two extremes discussed in the foregoing. Crowley et al. (1988) showed that the liquid film velocity approached the superficial 
where 1m = the length of the mixing zone, and m, C = linear regression coefficients. Figure 5 shows a plot of mixing length in the slug as a function of film Froude number. From Eq. (7), the values of the regression coefficients are found to be m = 0.13, and c = -0.31. This gives the length of the mixing zone in meters. It was found that a correlation in terms of pipe diameter overpredicts the mixing length. Therefore, the correlation is given in terms of meters. This can be divided by pipe diameter and scaled for use in larger diameter pipes. . Equation (7) implies that below a film Froude number of 2;5, the mixing length will be zero, This is approximately true, since a Froude number of at least 2-2.5 is required for slugs to exist. At a film Froude number of about 4.0, the mixing length is about two times the pipe diameter. However, at about a Froude number of 8, the mixing length becomes ten times the pipe diameter. Using this definition implies that at very high
number is expected to be lower. It is seen that the Froude number definition works well for all range of data.
Mixing Zone. Figure 4 shows the variation of the mixing length in the slug as a function of slug velocity, for watercarbon dioxide slug systems. In this study, the end of the mixing zone was determined by the minimum distance into the slug where the void profile could be described as having reached a quasi-steady state. Visually, this also corresponds to the end of the frothy, highly turbulent region of the slug in the video image. Figure 4 also shows the mixing length predicted by Dukler and Hubbard (1975) . It is seen that the model does not predict the length of the mixing zone. The model was developed in terms of velocity heads to explain the assimilation of the liquid film into the slug. The length of the mixing zone is determined by the mixing of gas and liquid and not the liquid alone. Jepson (1987) has shown that this length is proportional to the film Froude number ahead of the slug. Hence, knowing the film Froude number, the mixing length of the slug can be estimated. In this study, the mixing length of the slug has been modeled as an empirical function of the film Froude number. The variation in the mixing length was due to the large-scale turbulence and mixing in this region of the slug. It was seen that the mixing length increased with increasing slug velocities. This can be correlated to an increase in the film Froude number and the length of the mixing zone expressed as a function of the film Froude number. The dependence is given by liquid velocity in slug flow. Therefore, an assumption can be made that, on average, the liquid film velocity, VI!, will be close to the superficial liquid velocity. Hence, this model sets This is used in the model for slug length prediction.
Film Froude Number.
It has been shown that a slug is similar to a hydraulic jump (Jepson, 1989) , and its strength can be determined by the Froude number in the liquid film ahead of the slug. The film Froude number is defined as follows: Figure 3 shows the variation of the film Froude number as a function of the slug velocity for both water-carbon dioxide and ARCOPAK90™-carbon dioxide slug systems. It is seen that the lowest Froude number in the range studied is about 3.8. There is a linear increase in the film Froude number with an increase in slug velocity from 3.8 to a maximum of 14. The data for water as well as ARCOPAC90™ slugs fall in the same linear range of values. An increase of slug velocity from 1.5 to 3 m/ s results in an increase of Froude number from 4 to 6. A further increase of slug velocity from 3 m/s to 6 m/s increases the Froude number from around 6 to 14. This is explained by the fact that the translational velocity of the slug increases in proportion to the slug velocity, but the height of the liquid film ahead of the slug does not change significantly. This causes the momentum term in the Froude number definition in Eq, (6) to increase significantly, while the gravity term in the denominator remains approximately the same. It is seen that the effect of viscosity on the film Froude number is negligible in this range of slug velocity. Figure 3 also shows the Froude number calculations for the data of Kouba ( 1986) and Jepson and Taylor ( 1988) . The data of Kouba is very similar to the data in the present study for slug velocities from 1 to 5 m/s. This is expected since both studies were conducted in 7.6-cm pipes. At higher velocities, gas expansion, resulting in slug acceleration, may account for higher Froude numbers in the data of Kouba. The data for Jepson and Taylor ( 1988) exhibits a lower range of velocities for a similar Froude number range. Since their studies were conducted in a 30-cm pipe, for the same slug velocity the Froude Froude numbers, the slug is almost all mixing zone, resulting in high gas entrainment and associated turbulence. This mechanism also explains the transition to pseudo-slug flow, and finally to annular flow.
Conclusions
A plot of V, versus Vs was used to produce a model for the drift velocity was produced, and this was found to be a function of the slug velocity.
A model was developed to predict the liquid film height. Knowing the superficial gas and liquid velocities, the fluid properties, and the pipe diameter, the liquid film height ahead of the slug was predicted. A film Froude number was then calculated, which allowed the slug characteristics to be determined.
A new definition was developed for the mixing length. This was defined as the distance into the slug where the void profile became steady. It was seen from video images that this also cOiTespondedto the end of the frothy, turbulent part of the slug. The mixing length was estimated as a linear function of the film Froude number ahead of the slug and was shown to vary from two to ten pipe diameters. It was found that the model given by Dukler and Hubbard ( 1975) 
